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Due to quantum interference, light can transmit through dense atomic media, a phenomenon
known as electromagnetically induced transparency (EIT). We propose that EIT is not limited to
light transmission and there is an electronic analog where resonant transparency in charge transport
in an opaque structure can be induced by electromagnetic radiation. A triple-quantum-dots system
with K-type level structure is generally opaque due to the level in the center dot being significantly
higher and therefore hopping from the left dot to the center dot is almost forbidden. We demon-
strate that an electromagnetically induced electron transparency (EIET) in charge of transport can
indeed occur in the K-type system. The direct evidence of EIET is that an electron can travel from
the left dot to the right dot, while the center dot apparently becomes invisible. We analyze EIET
and the related shot noise in both the zero and strong Coulomb blockade regimes. It is found that
the EIET (position, height, and symmetry) can be tuned by several controllable parameters of the
radiation fields, such as the Rabi frequencies and detuning frequencies. The result offers a transpar-
ency/opaque tuning technique in charge transport using interfering radiation fields. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892674]
I. INTRODUCTION
Electromagnetically induced transparency (EIT) also
known as coherent population trapping (CPT) is a quantum
interference effect that permits the propagation of light
through an opaque atomic medium. The phenomenon has
attracted intense interest theoretically and experimentally.
The scattered light spectra,1 the level populations,2 and the
dynamics of the system3 have been investigated analytically
and numerically. The EIT has been experimentally verified
in a cavity4 and in free space5 under a weak probe light field
with a single natural or artificial atom. Recent work revealed
full influence of the laser field on highly excited reaction
pathways.6,7 Transparency in atoms irradiated with com-
bined femtosecond laser and extreme ultraviolet fields was
controlled by two-pathway quantum interference.8 Both
pulsed radiation and continuous-wave (cw) have been
employed to investigate EIT.9,10
Since EIT is of quantum interference nature, a question
arises on whether an electronic system can also reveal such a
phenomenon, i.e., a transparency or resonant transport
induced by electromagnetic fields. A quantum system under
a time dependent potential can reveal important information
related to quantum coherence and quantum interference.11–14
The tailor fabrication of artificial quantum systems, such as
quantum dots (QDs) and superconducting circuits,15 opens
an avenue to investigate the optical analogs of a wide variety
of quantum effects in condensed matter systems.16 A trans-
port mechanism in a photon driving coupled quantum dots
system was proposed.17 Under an applied radiation field, the
population inversion has been observed for electron tunnel-
ing through a three-level system in an asymmetric double
QDs.18 Using the density matrix equations for a three-level
double QD system, the condition for the appearance of a
dark state has been obtained.19 The two-mode photon-
assisted transport can then be examined in a three-level
structure20,21 and the electronic transport shows a strong
frequency-dependence in such an configuration.22 The rela-
tive phase of the driving lasers affects the quantum transport
properties.23 It was suggested recently that scalable quantum
computation can be setup using the electrical population
transfer in tunneling-coupled quantum wells24 and in quan-
tum dot systems25,26 where electron transport is coherent.
This phenomenon has been studied through adiabatic pas-
sage in an engineered optical waveguide system experimen-
tally.27 Most of the studies were limited to three-level
systems irradiated by a single external field in the strong
Coulomb blockade regime.
In this work, we use a three-level triple quantum-dot
system to demonstrate an equivalent EIT in electron trans-
port or electromagnetically induced electron transparency
(EIET). All previous work on electron transport through tri-
ple QDs system26,28–30 used adiabatic transport model. The
EIET presented here is not based on adiabatic transport
rather it is based on the interference of two fast oscillating
radiation fields. We demonstrate that charge transport in a
coupled triple-QDs (TQD) system driven by two external
fields can be coherently tuned with parameters of the radia-
tion fields. Both the detuning parameters and the Rabi fre-
quencies can be used to tune the system in and out of EIET
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state. The effect of electron-electron interaction (Coulomb
blockade) on EIET is studied through the calculation of shot
noise and the Fano factors are also presented.
The outline of this paper is as follows. Section II is
devoted to fundamentals. In particular, we introduce the
model of a K-type coupled triple-QDs system with the radia-
tion fields. The rate equation of describing the dynamics of
charge transfer is derived. In Sec. III, we first analyze the
population of three quantum dots. The features of population
in TQD with and without in contact with the reservoirs (i.e.,
isolated and open system) are compared to obtain the general
picture of quantum interference in TQD in contact with the
reservoirs. After those we then proceed to show how this
leads to EIET. The dependencies of transport current and
noise on the detuning parameters and the Rabi frequencies
are discussed. The effect of direct inter-dot coupling on
EIET is investigated in Sec. IV. Finally, a summary and con-
clusion of our investigation are given in Sec. V.
II. MODEL AND RATE EQUATIONS OF ELECTRICAL
POPULATION TRANSFER
Our model is a coupled TQD system shown in Fig. 1,
which is a K-type three-level structure. The system connects
two electronic reservoirs in the left and right.31 The cou-
plings between the QD3 and QD1(2) are modulated by a
radiation fields. For simplicity, the calculation of the present
paper is restricted to the zero temperature case. Consistent
with the configuration used in Ref. 31, only the ground states
of the dots participate the electron pumping in our model.
The Hamiltonian of the system is given as













describes the electrons in the left (l) and right (r) reservoirs
and cka ðc†kaÞ is the annihilation (creation) operator of an
electron with wave vector k in the reservoir a¼ (l, r). The
reservoirs are regarded big enough so that they are always in
equilibrium in the Fermi energies EaF with a continuum dis-
tribution of wave vectors k.





is the Hamiltonian of the three QDs, di (d
†
i ), i¼ 1, 2, 3, are
the annihilation (creation) operators of an electron in the i-th
dot. Here, Ei is the energy level of the i-th QD. The elec-
tronic tunneling between the reservoirs and the connected






krd2Þ þ h:c: : (4)
The irradiation-assisted transition of electrons in the K-type
coupled TQD is described by the Hamiltonian




where V01 and V02 are the direct coupling between the left
(right) dot and the center dot, while the coupling coefficients
V1 and V2 are regarded as the Rabi frequencies which relate
to the field strength and the electron dipole momentum.17 x1
and x2 are the frequencies of two external radiation fields,
respectively. In order to catch the effect of radiation clearly,
we ignore the effect of direct hopping between the QDs in
the following analysis, firstly. The effect of the direct hop-
ping will be studied in Sec. V of this paper. The time-
independent direct hopping will change the total tunneling
uniformly under all detunings and Rabi-frequencies.
However, the detuning dependence revealed in this work is
independent of the direct hopping term. Furthermore in the
present system, each QD can only be occupied by 1 or 0
electron. Therefore, there is no dual occupation in any dot.
In this case, the spin degeneracy is not resolved and spin
polarization is irrelevant. The electron-phonon coupling,32
phonon mediated tunneling, and other mechanical effect33
will be ignored.
In the strong inter-dots Coulomb blockade regime, we
assume that only one electron is allowed in the TQD system.
We also assume that all relaxation time in the system are
much longer than the pulse duration. Using the notation
jnl; nc; nri for a state with nl, nc, and nr electrons in the left,
center, right QDs, the four base vectors of the Hilbert space
are jai ¼ j000i; jbi ¼ j100i; jci ¼ j010i, and jdi ¼ j001i,


















The coefficients b’s are the time-dependent probability
amplitudes for finding the system in the corresponding states.
Substituting Eq. (6) into the Schr€odinger equation ihj _Wi ¼
HW results an infinite set of coupled linear differential equa-
tions for bi;k; bk0;k;   . The time-evolution of the probability
amplitudes can then be obtained with the initial conditions
FIG. 1. (a) An model atom interacts with incident lights (probe field and
coupling field). (b) Energy diagram of the K-type three-level system.
(c) Schematic diagram of a coupled TQD system in which three ground states
form a K-type level structure. Two external fields assist the hopping between
adjacent levels and the chemical potentials in two reservoirs are the same.
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with initial conditions, the linear differential equations for
b(t) are transformed into an infinite set of algebraic equations
for amplitude ~bðÞ. The electronic dynamics is described by
the Markovian rate equations32 for the density matrices
r ¼ rXX0 jXihX0j, where X(¼b, c, d) refers to the i-th (i¼ 1,
2, 3) quantum dot. For X¼ a, we have








2 þ   






















XX0 . The diagonal elements describe the
probabilities of the electron in a state jai or jXi (rXX, X¼ b,
c, or d). The off-diagonal elements of density matrices, rXX0 ,
describe the superposition among the three QDs. The index
N denotes the number of electrons arriving at the right reser-
voir. Based on this framework, the probabilities r(t) can be












~bk0 ;k ð Þ~b

k0 ;k 
0ð Þei 0ð Þt: (11)
Through some simple derivations, we can obtain the differ-
ential equations for the density matrix elements rðNÞXX0 ðtÞ. In
the god-given units, if we sum up the equations for rðNÞXX0 ðtÞ
over index N, the rate equations can be written in the follow-
ing forms for the strong Coulomb blockade regime:
_raa ¼ CLraa þ CRrdd; (12a)
_rbb ¼ CLraa þ iV1ð~rbc  ~rcbÞ; (12b)
_rcc ¼ iV1ð~rbc  ~rcbÞ þ iV2ð~rcd  ~rdcÞ; (12c)
_rdd ¼ iV2ð~rcd  ~rdcÞ  CRrdd; (12d)
_~rbc ¼ id1~rbc þ iV1ðrbb  rccÞ þ iV2~rbd; (12e)









A more general form for the density matrix of the multi-










_~rXX0 ¼ i DX0X  xXX0ð Þ~rXX0 þ
X
X00











where ~rXX0 ¼ rXX0 expðixXX0 tÞ is the Fourier transformed
off-diagonal matrix elements, DX0X ¼ ðEX0  EXÞ=h is the
energy difference of states jXi and jX0i, and VX;X0 is the am-
plitude of one electron hopping that results in the transition
between these two states. The width CX;X0 ¼ 2pqjtX;X0 j2 (with
density of states q) is the probability per unit time for the
system to make a transition from the state jXi to the state
jX0i in the system due to the tunneling to (from) the
reservoirs.
The case of the absence of Coulomb blockade can be an-
alyzed in a similar way. Because more than one electron can
occupy the TQD system, the Hilbert space is enlarged in
which the four additional base vectors, jei ¼ j110i; jf i ¼
j101i; jgi ¼ j011i and jhi ¼ j111i, are included.
We note that ~rX0X ¼ ~rXX0 ðX 6¼ X0Þ and
~rXX0 ¼ rXX0 expðixtÞ. In the following, we shall assume the
tunneling rates between the reservoirs and the dots to be in-




2dðEka  EiÞ with a(¼l, r) and i¼ 1, 2. If not
specified otherwise, we assume Cl¼Cr¼C and C is taken as
the energy unit. Taking into account the conjugate equations
of the off-diagonal elements and
P
X rXXðtÞ ¼ 1, the equa-
tions describing the time evolution of the system are closed.
III. EIET WITHOUT DIRECT INTER-DOT TUNNELING
The system constructed above can be described with
the following parameters: the Rabi frequencies V1 and V2, the
detunings from the exact resonance d1 and d2 as well as the
dot-lead tunneling rates Cl and Cr which are taken as C. We
will first focus on the level population. Then, the properties
of the stationary current and Fano factors are investigated.
A. Comparison of level population for isolated and
open K-type coupled TQD systems
We first analyze the population of three levels in a
K-type coupled TQD system. The population in QD2 relative
to that in QD3 should provide direct evidence of charge
transport through the TQD system. If the TQD system is an
isolated system not in contact with the reservoirs, the popula-
tion in each level oscillates with time and the sum of popula-
tions in three levels equals to one, shown in Fig. 2(a). When
the TQD system is in equilibrium with the reservoirs, the
population in each level is dependent on the parameters of
the two radiation field, detunings d1¼E3E1x1 and
d2¼E3E2x2 as well as the Rabi frequencies V1 and V2.
063702-3 Guan et al. J. Appl. Phys. 116, 063702 (2014)
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In Fig. 2(b), we show the level population as a function d1
when d2¼ 0. For large jd1j, level difference between QD1
and QD3 prevents the electron traveling from QD1 to QD3.
This is because an electron transferring from QD1 to QD3
has to overcome an excess energy d1. As a result, the popula-
tion in QD1 is nearly 100% and QD3 and QD2 are nearly
empty. In this case, the electron is almost localized in QD1.
If this excess energy equals to the Rabi frequency V2 (or hop-
ping bandwidth between QD3 and QD2), i.e., d1¼6V2, res-
onant charge pumping can occur. The population in QD1
drops sharply and the populations in QD3 and QD2 exhibit
sharp peaks. This is a two-step sequential resonant charge
transfer process. The ratio of population in QD3 to that in
QD2 determines the magnitude of the stationary current
through the TQD system. If we increase the Rabi frequency
V1, charge can be more easily pumped from QD1 to QD3.
This leads to a reduction of population in QD1 and an
increase population in QD3 and QD2. If the two hopping
bandwidths are exactly matched, V1¼V2, electrons transfer-
ring from QD1 to QD3 have a 100% probability to travel to
QD2. In this case, a zero excess energy between QD1 and
QD3 (d1¼ 0) results an exact resonant condition for charge
pumping from QD1 to QD3. The level population as a func-
tion of d1 for several different values of V1 (¼3C, 5C, and
10C) is depicted in Fig. 3. This population distribution will
result in a peak in the stationary current at d1¼ 0, giving rise
to EIET around d1¼ 0 for the K-type coupled TQD. Besides,
the location of the peak is fixed despite the increase in V1,
though the maximum response value decreases. In the transi-
tion regime as V1 increases gradually, the population of E2
increases. The increase is most rapid around d1¼ 0.
The case of energy levels E3 and E2 off-resonance,
d2 6¼ 0, is shown in Fig. 4. For d1¼ 10, the population peak
of E2 will move according to the required energy shift. Since
Rabi frequency acts effectively as a time-dependent inter-
dots coupling, increasing the Rabi frequency V1 broadens the
resonance peak. This is shown in Figs. 4(b) and 4(c). For
example, d2> 0 corresponds to that the level E3 is above the
E3E2 energy match by an amount d2, as a consequence, d1
required for resonance transfer increases. For larger V1, the
curve only shows one maximum similarly to the resonant
case. However, the locations of the peaks disperse for differ-
ent V1.
The limiting case of x2 ! 0 (i.e., the field between the
QD3 and QD2 approaches the dc limit) provides a clear evi-
dence of EIET in the present system. We take arbitrarily
E3E1¼ 200C and E3E2¼ 100C. The pattern of the level
population is shown in Fig. 5. It is found that population of
E3 peaks at d1¼ 0, indicating a resonant E1 to E3 pumping.
The population of E2 peaks around d1¼ 100C. It seems that
a virtual energy level has been shifted equal to energy level
E2 and a resonant response takes place. If d1 takes the value
FIG. 2. (a) Level populations of TQD system disconnected from the reser-
voirs. (b) Level populations of TQD system in thermal contact with the
reservoirs.
FIG. 3. Level populations of TQD in contact with the reservoirs as a func-
tion of detuning d1 for three different values of Rabi frequency V1. Here, the
parameters d2¼ 0 and V2¼ 10C.
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near 100C, where the crest happens, the population of E3 is
extremely small compared with E2. The electron seems to be
pumped from QD1 directly into the QD2 and the energy
level E3 becomes invisible. The energy level E3 takes as an
auxiliary state originally developed for transferring popula-
tion between two long-lived energy levels optically con-
nected to it. Correspondingly, the population in the QD3 is
exponentially suppressed.35–37 In the inset of Fig. 5, we
show dependence of peak positions on the two detuning pa-
rameters. The position of the second resonance at d1 6¼ 0 is
given by d1¼ d2. This exact one to one correspondence is an
evidence of direct coupling of QD1-QD2 and QD3 is irrele-
vant, or equivalently an EIET.
If there are exact level matches between QD1 and QD3,
and between QD3 and QD2, i.e., d1¼ d2¼ 0, resonant charge
pumping occurs when the two Rabi frequencies are matched.
This behavior is shown in Fig. 6.
While the dark state is responsible for CPT in a three
level atomic system, the mechanism for EIET in a triple QDs
system is due to a different type of dark state. For a triple
QD system at EIET, electrons traverse from QD1 to QD2
with minimum effect of QD3. At EIET, the level population
of QD2 increases and that of QD3 decreases. As a result,
EIET occurs when QD3 becomes less visible.
B. Stationary current and relevant shot noise in EIET
Now we come to investigate the quantum transport of
electron in this K-type coupling TQD system. The current





where N denotes the number of electrons tunneling to the




XX ðtÞ. In the strong Coulomb
blockade regime, the triple dots can be occupied by at most
one electron. The stationary current can be found by taking
time-average over T, I ¼ eCrdd, with T!1.
The shot noise spectrum, which arises from the discrete
nature of the electron charge, is given by39
S xð Þ ¼ 2e2x
ð1
0









ii ðtÞ. From the stationary current and
the shot noise spectra, the Fano factor is defined as
F ¼ S xð Þ
2eIS
: (17)
FIG. 4. Level populations of TQD in contact with the reservoirs as a func-
tion of detuning d1 for d2¼ 10C and V2¼ 10C.
FIG. 5. Level populations of TQD in contact with the reservoirs as a func-
tion of detuning d1 for x2 ! 0 and d2¼ 100C. The inset presents the loca-
tion of peak varies against d2.
FIG. 6. Level populations of TQD in contact with the reservoirs as a func-
tion of Rabi frequency V2 for fixed V1 and zero detunings.
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In the following, we will give some analytical results
of the current for some specific situations. With the station-
ary limitation, the populations are assumed to be invariable
with time, then the differential equations (12a)–(12g) turn
out to be a series of linear equations and can be solved
analytically. We take CL¼CR¼C as noted before. Hence,






4 2V41 þ V42
 
þ 2V21 C2 þ 2V22 þ 4d
2
2  3d1d2 þ 8d21
 	




þ d21 C2 þ 4d22  8d1d2 þ 4d21
 	 : (18)





½4d21 þ ð16V21 þ C2  8V22Þd
2
1 þ 8V41 þ 2C2V21 þ 4V21V22 þ 4V42
 	 : (19)
Apparently, the denominator is a homogeneous polyno-
mial about d1. In addition, the sign of d
2
1 depends on the rele-
vant values of C, V1, and V2. As a result, the current curve
displays disparate characters with the variation of d1 regarding
different C, V1, and V2. As in Figs. 2 and 3, V2 is taken as 10C
and we assume the coupling strength to the reservoir is much
smaller than V1 and V2, thus the C
2 term can be omitted in the





show two symmetric peaks. Moreover supposing V1 is getting
much smaller, the 16V21 term can be neglected compared with
8V22 and, consequently, the peaks locate at V2. Beyond that,
the maximum value of the current at d1¼ 0 depends on the
relevant value of V1 and V2 which can be easily obtained from
the expression of stationary current in Eq. (19).
With Figs. 7 and 8, we intend to discuss the different
roles of two detuning parameters. In Figs. 7(a) and 7(b), the
currents against detuning d2 have been displayed for both
strong and zero Coulomb blockade regimes. For strong
Coulomb blockade regime, in Fig. 7(a), when the system
deviates the exact resonance as d1 increases, the curve shows
asymmetric features with only one peak. It can be explained
that when d1 is fixed, the intermediate energy of the electron
in QD3 is fixed. In this case only one value of d2 satisfies
the resonance condition. The resonance occurs around
d2¼ d1 þ X, where X is proportional to the difference of two
Rabi frequencies. On the other side, the variation against d1
demonstrates different features as shown in Figs. 8(a) and
8(b). With fixed d2, two peaks of the current appear in the
curve like in Fig. 2(b). Moreover, the impact of the Coulomb
interaction can be seen from Fig. 7 as well. For strong
Coulomb blockade regime, the variation of current against
d2 shows a peak at the exact resonance point (d1¼ d2¼ 0) as
depicted in Fig. 7(a) by the black solid curve (prominent
when enlarged). However, in Fig. 7(b), a symmetric and
FIG. 7. The left column presents the
stationary currents and Fano factors for
strong Coulomb blockade situation,
while the right column exhibits the
zero Coulomb blockade regimes. In (a)
and (b), the stationary currents vary
against detunings are shown. Here, the
parameters V1¼C and V2¼ 10C.
(c) and (d) are the Fano factor charac-
ters with the same parameters as those
in (a) and (b), respectively.
063702-6 Guan et al. J. Appl. Phys. 116, 063702 (2014)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
130.130.37.85 On: Tue, 19 Aug 2014 04:53:31
anti-resonant behavior occurs in the current curve when
d1¼ d2¼ 0 (black solid curve) for the zero-Coulomb interac-
tion case.
Supposing the Rabi frequencies are taken as the same,
the variation of stationary current against detunings is
depicted in Fig. 9. According to Eq. (18), the steady state
current is reduced to
IS ¼
4eCV41










As plotted in Fig. 9(a), and from the explicit form of the sta-
tionary current, it is obvious that for a given d1, the current
curve approaches its crest against d2 when the system
reaches resonant (d1¼ d2). Fig. 9(b) describes the current as
a function of d1, different from Fig. 9(a), another peak
appears around d1¼ 0 besides the main peak around d1¼ d2,
which is only prominent when d2 is large enough. Actually
there will be three peaks if we do some analytical work about
Eq. (20). Another feature can be found is that the maximum
values of the peaks nearly change though the location varies.
In Ref. 18, various current behaviors at the same detuning
are able to be achieved by adjusting the energy levels or tune
FIG. 8. The left column presents the
stationary currents and Fano factors for
strong Coulomb blockade situation,
while the right column exhibits the
zero Coulomb blockade regimes. In (a)
and (b), the stationary currents vary
against detunings are shown. Here, the
parameters V1¼C and V2¼ 10C. The
relevant Fano factors with the same pa-
rameters as those in (a) and (b) are
shown in (c) and (d), respectively.
FIG. 9. The stationary currents and
Fano factors vs d1 and d2 for strong
Coulomb blockade situation. In (a) and
(b), the stationary currents vary against
detunings are shown. Here, the param-
eters V1¼V2¼ 5C. (c) and (d) are the
Fano factors with the same parameters
as those in (a) and (b), respectively.
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the external field frequency. Here assuming we keep the field
between QD2 and QD3 resonant, that is, d2 equals to 0, the
current changes dramatically as d1 varies. Based on this fea-
ture, the pumping configuration here may be utilized as a
switch as well.
The case of exact energy alignment among three QDs
(d1¼ d2¼ d) is of interest. Under an exact energy alignment,
the stationary current IS is determined by the amplitudes of






4 2V41 þ V21V22 þ V42
 	
þ C2 2V21 þ d
2
 	 : (21)
For d¼ 0 (or E1þx1¼E2þx2), the QD1 and QD2 are in
resonance and the energy in QD3 only acts to modulate the
combined U-shaped tunneling barrier. The current resonance
occurs when the effective U-shaped tunneling barrier is sym-
metric (V1¼V2), since a symmetric barrier minimizes the
decoherence effect. If V1 6¼V2, boundary mismatch leads to a
reduction of tunneling from QD1 to QD2. This behavior is
shown in Fig. 10(a). The current peak height (when V1¼V2)
is independent of the magnitude of Rabi frequency for
VC. This is a clear indication of quantum coherence
effect as the tunneling rate for the quantum resonant tunnel-
ing is independent of the barrier height. A straightforward





indeed independent of V. When the Coulomb interaction
turns to zero, the maximum value of the stationary against
V2 gets doubled.
The curves under the same Rabi frequencies and exact
energy alignment, i.e., d1¼ d2¼ d and V1¼V2¼V, are
depicted in Fig. 11. Likewise, analytical results can be given
for the strong Coulomb blockade regime. The expression of
current can be written as
IS ¼
4eCV4
16V4 þ 2C2V2 þ C2d2
: (22)
Along with the enhancement of the Rabi frequencies V, the
stationary current approaches a maximum value under the
strong field limit. Besides, in spite of different detunings,
the limiting value of stationary current keeps exactly the
same as C/4. Not surprisingly, the maximum value doubles
under the zero-Coulomb blockade regime as in Fig. 11(b).
The Fano factors have been shown in the lower rows in
Figs. (7)–(11) ((c) and (d)). The Coulomb blockade enhances
the noise and reduces the amplitude of stationary current.
The noise is particularly strong when the detuning parameter
is set at off-resonance. When the stationary current is off-
resonance, the shot noise can be greater than the current,
results in a Fano factor being greater than 1. In the absence
of electron-electron interaction, the only noise is due to the
electron-field interaction which is always smaller than the
stationary current. In this case, the Fano factor remains
smaller than 1 in the whole regimes of Rabi frequencies and
detuning parameters. In the absence of Coulomb blockade,
the Fano factor is everywhere less than (or equal to) unity,
corresponding to the conventional sub-Poissonian statistics
of anti-bunched electron transfer.
IV. EFFECT OF DIRECT INTER-DOT COUPLING
ON EIET
In our previous discussions, we have ignored the direct
coupling between the QDs and only focused our attention on
the field mediated inter-dot transport. In a real system, the
direct coupling is finite and in some case may be of the same
order of magnitude as the field mediated inter-dot coupling.
Here, we analyze the effect of the direct inter-dot coupling
on the EIET. The direct coupling is purely due to the finite
FIG. 10. The left column presents the
stationary currents and Fano factors for
strong Coulomb blockade situation,
while the right column exhibits the
zero Coulomb blockade regimes. In (a)
and (b), the variation of stationary cur-
rent against V2 for different V1 is dis-
played, d1¼ d2¼ 0. (c) and (d) are the
Fano factors with the same parameters
as those in (a) and (b), respectively.
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overlap of the electronic states between the neighboring
dots. The Hamiltonian, including the direct coupling
between the left (right) dot and the center dot, V01(V02), is
given as (Eq. (5))
HV ¼ ~V1ðtÞd†3d1 þ ~V2ðtÞd
†
3d2 þ h:c:; (23)
where ~V1ðtÞ ¼ V01 þ V1eix1t and ~V2ðtÞ ¼ V02 þ V2eix2t.
Here, the direct coupling between the left and the right dot
V0 is assumed to be zero. In general, V0 is much smaller then
V01 or V02. With the inclusion of the direct coupling terms,
explicit elimination of time dependence by the Laplace
transformation is no longer possible and many analytical
results presented in the Secs. II and III cannot be achieved.
Here, we shall solve the rate equations numerically to obtain
the stationary current. The effect of the direct coupling can
be analyzed using the numerical result. Fig. 12 shows the sta-
tionary current with finite direct couplings V01 and V02. The
EIET peaks, both the peak height and the peak position, at
d1¼6V2 are not affected by the direct coupling terms. This
suggests that under d2¼ 0, the EM-field assisted tunneling is
due to the resonance of excess energy d1 and the Rabi fre-
quency, as analyzed above. The effect of V01 is insignificant
if the level E1 is far below the level E3. The effect of V02 is
FIG. 11. The left column presents the
stationary currents for strong Coulomb
blockade situation, while the right col-
umn exhibits the zero Coulomb block-
ade regimes. In (a) and (b), the
variation of stationary current against
d for different V is displayed,
d1¼ d2¼ d and V1¼V2¼V. The rele-
vant Fano factors with the same pa-
rameters as those in (a) and (b) are
shown in (c) and (d), respectively.
FIG. 12. (a) The stationary currents with direct inter-dots tunneling included
and without Coulomb blockade. The double peaks at 100 6 V2 are the cur-
rent due to the direct tunneling unassisted by the radiation field. The inset
shows the dependence of the direct coupling current on the coupling
strength. Here, the parameters V1¼C, V2¼ 10C, and V01¼C. (b) Same as
(a) but E3E2¼ 70C, only the direct coupling current shifts.
FIG. 13. The stationary currents (with direct inter-dots tunneling included
and without Coulomb blockade) as a function of detuning d1 with d2¼ 20C
for the energy difference E3  E2¼ 100C, 85C, and 70C. Here, the parame-
ters V1¼C, V2¼ 10C, V01¼C, and V02¼ 8C.
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to open a direct tunneling channel unassisted by any energy
from the radiation field V2. This direct tunneling also has a
resonant shape with peaks at d1¼E3E2 6 V2
¼ 100C 6 V2. The resonant peak height is directly propor-
tional to V202, shown in the inset of Fig. 12(a). In the absence
of radiation field V2, the double peaks at 100C 6 V2 will
converge to a single peak at 100. If the energy difference
E3E2 is reduced to 70C, the resonant peaks due to the
direct coupling will shift to 70C 6 V2 but the peaks due to
EIET at 6V2 remain unchanged. For the completeness, we
plot the stationary currents against the detuning d1 with off-
resonance d2¼ 20C for three different configurations in Fig.
13, where the energy differences E3E2¼ 100C, 85C, and
70C are considered with the parameters V1¼C, V2¼ 10C,
V01¼C, and V02¼ 8C. The structures of resonances around
d1 do not change but those around E3E2 6 V2 shift left. It
indicates the EIET resonance is not affected by the direct
inter-dot tunneling. Therefore, the detuning dependence of
EIET revealed in the coupled TQD system with K-type level
structure is independent of the direct inter-dots tunneling.
We, therefore, draw the following conclusion on the effect
of direct coupling. (i) The direct coupling opens a resonant
transport channel at E3E2 6 V2, and the tunneling reso-
nance at E3E2 6 V2¼ 100C 6 V2 is not radiation assisted,
or not related to EIET. (ii) The EIET resonance at 6V2 is not
affected by the direct coupling.
V. SUMMARY AND DISCUSSIONS
We have shown that the charge pumping and electron
transport through a TQD system with K-type level structure
can be tuned by two radiation fields of distinct Rabi frequen-
cies and wavelengths. We demonstrated the detrimental role
of inter-dots Coulomb blockade in single charge transfer
through a quantum structure. The Coulomb blockade not
only limits the signal current at the resonance but also signif-
icantly increases the shot noise. The field induced double
resonance in stationary current is revealed. The coherent
transport demonstrated here suggests clearly the vanishing
population of the middle quantum dot. Its detection has been
proposed by using noninvasive ballistic quantum point con-
tacts38 which provides a good test for the observation of the
dark state precisely. This result offers the possibility of tun-
ing the system in and out of EIET with sharp resolution. For
weakly coupled QDs with C around a few leV and a few
meV difference of energy levels for adjacent QDs,40 the
reported EIET occurs in the gigatertz to terahertz frequency
regime. This unique quantum structure has the potential to
be used in application where single color and two color out-
puts are both required. Since the maximum stationary current
can be controlled by the two interfering radiations, the pro-
posed EIET can be of potential application in optically
switchable current devices. Finally, we would like to men-
tion that in regard to Coulomb interaction, our result only
covers zero and infinite interaction strength. The latter leads
to complete Coulomb blockade. In these two cases, the inter-
action strength does not enter our formalism. For this reason,
a different model Hamiltonian will be required if one needs
to consider an intermediate interaction strength. Since the
inter-dot Coulomb interaction is repulsive, one can expect
intuitively that the rate of charge transfer through the TQD
system always decreases as the interaction strength
increases.
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